We analyse the theoretical light curves of Cepheid variables at optical (UBVRI) and near-infrared (JKL) wavelengths using the Fourier decomposition and principal component analysis methods. The Cepheid light curves are based on the full amplitude, nonlinear, convective hydrodynamical models for chemical compositions representative of Cepheids in the Galaxy (Y = 0.28, Z = 0.02), Large Magellanic Cloud (Y = 0.25, Z = 0.008) and Small Magellanic Cloud (Y = 0.25, Z = 0.004). We discuss the variation of light curve parameters with different compositions and mass-luminosity levels as a function of period and wavelength, and compare our results with observations. For a fixed composition, the theoretical amplitude parameters decrease while the phase parameters increase with wavelength, similar to the observed Fourier parameters. The optical amplitude parameters obtained using canonical mass-luminosity Cepheid models, exhibit a large offset with respect to the observations for periods between 7-11 days, when compared to the non-canonical mass-luminosity levels. The central minimum of the Hertzsprung progression for amplitude parameters, shifts to the longer periods with decrease/increase in metallicity/wavelength for both theoretical and observed light curves. The principal components for Magellanic Clouds Cepheid models are consistent with observations at optical wavelengths. We also observe two distinct populations in the first principal component for optical and near-infrared wavelengths while J-band contributes to both populations. Finally, we take into account the variation in the convective efficiency by increasing the adopted mixing length parameter from the standard 1.5 to 1.8. This results in a zero-point offset in the bolometric mean magnitudes and in amplitude parameters (except close to 10 days), reducing the systematically large difference in theoretical amplitudes.
around a period of 10 days and shifts to the earlier phases for periods longer than 10 days. The first quantitative study of the light curve structure of Cepheid variables was carried out by Simon & Lee (1981) using the Fourier analysis method. Simon & Davis (1983) carried out a comparison of the observed light and velocity curves of Classical Cepheids with theoretical light curves and suggested that the phase lag obtained from Fourier decomposition is most useful for comparison with observations. Theoretical investigations of pulsation properties of Classical Cepheids were carried out in a series of papers (Bono et al. 1998 (Bono et al. , 1999 (Bono et al. , 2000a Caputo et al. 2000a,b , and references therein). Bono et al. (1999) used the mass and luminosities provided by stellar evolutionary calculations as input parameters to pulsation models together with different chemical compositions to generate theoretical light curves of Cepheid variables and studied theoretical P-L and P-L-C relations. Later, Caputo et al. (2000a) derived these relations over multiple wavelengths and found a fair agreement with observed Galactic and Magellanic Clouds (MC) Cepheids. The Cepheid pulsation models and the effects of chemical abundances on the P-L and Period-Wesenheit (P-W) relations has been a subject of many studies in the past (see, Fiorentino et al. 2002; Marconi et al. 2005; Fiorentino et al. 2007; Marconi et al. 2013 , and references therein). For example, Bono et al. (2010) found that the slope of the P-L relations become steeper and less dependent on metallicity, from optical to near-infrared (NIR) bands. These studies of the P-L and P-W relations follow classical approach of using mean light properties of Cepheid variables which, being the average over pulsation phase, neglects various physical features of the light curve structure.
In order to analyse the Cepheids light curves, Bono et al. (2000a) carried out an extensive study on the HP for Classical Cepheids and found the central period of the progression around 11 days for models with Z=0.008 and Y=0.25, in a good agreement with the empirical value derived using the Fourier parameters of Large Magellanic Cloud (LMC) Cepheid light curves. Bono et al. (2002) also used pulsation models to investigate the bump in the I-band light curves of two Cepheids in the LMC. However, so far no rigorous comparison of light curve parameters at multiple wavelengths for different compositions was carried out.
Recently, we quantitatively analysed the observed Cepheid light curves in the Galaxy and LMC at multiple wavelengths using the Fourier decomposition technique (Bhardwaj et al. 2015) . We found various features in the amplitude, phase, skewness and acuteness parameters as a function of period and wavelength. For example, the mean Fourier amplitude parameter values are distinctly separated around 20 days for wavelengths longer than J vs. optical bands. Furthermore, the central period of the HP was found to vary as a function of wavelength and metallicity. In this work, we present an investigation of theoretical Cepheid light curves generated using Cepheid pulsation models and compare them with observed light curve parameters from Bhardwaj et al. (2015) . The aim of this work is to form a basis to explore strong constraints for stellar pulsation models by an extensive comparison of theoretical and observed light curves.
The paper is structured as follows. We discuss the theoretical framework used to generate the light curves for Cepheids at multiple wavelengths in Section 2. In Section 3, we discuss the application of the Fourier decomposition on the theoretical light curves and the variation of light curve parameters with period, wavelength and metallicity. We also compare the theoretical and observed Fourier parameters. In Section 4, we discuss the principal component analysis of the theoretical light curves together with the observed light curves. We summarize our findings from this study in Section 5.
THEORETICAL AND OBSERVATIONAL FRAMEWORK
We use full amplitude, nonlinear, convective Cepheid models to generate the theoretical light curves. The computed models adopt the same hydrodynamical code and physical and numerical assumptions as in Marconi et al. (2013, and references therein) . These models are able to follow the limit cycle stability of both fundamental (FU) and first-overtone (FO) models and include a non-local, time-dependent treatment of convection to properly follow the coupling between dynamical and convective velocities along a pulsation cycle. For each fixed chemical composition and mass we consider the luminosity predicted by the canonical mass-luminosity (ML) relation by Bono et al. (2000b) and a brighter luminosity level by 0.25 dex in order to take into account a possible mild overshooting and/or mass loss efficiency. For each combination of chemical composition, mass and luminosity, we explore a wide range in effective temperature and derive the location of both the blue and red edge of the instability strip for each of the two investigated pulsation modes.
Fig. 1 displays the predicted bolometric light curves for a fixed composition and mass with different luminosity levels and temperatures. The produced bolometric light curves are converted into the observational Johnson-Cousins optical (U BV RI) and NIR (JKL) filters by adopting the static model atmospheres by Castelli et al. (1997a,b) . These transformed curves, usually adopted to derive mean magnitude and colors, as well as pulsation amplitudes, can be decomposed through the Fourier analysis.
We also use the observed Cepheid light curve data for a comparison with theoretical light curves. We note that optical, NIR and mid-infrared (MIR) light-curve parameters of Cepheid variables in the Galaxy and LMC are taken from Tables 2 and 3 of Bhardwaj et al. (2015) . In this work, we update the optical sample with light curve data from OGLE-IV catalog (Soszyński et al. 2015) of Cepheid variables in the MC. The infrared data for Small Magellanic Cloud (SMC) Cepheids are taken from VMC survey (Ripepi et al. 2016) and Scowcroft et al. (2016) . We carry out Fourier analysis of the Ks and 3.6µm-band light curves in the SMC and present it here for the first time. Observed Cepheid data in 3.6µm-band will be used for relative comparison with theoretical light curves in L-band. Table 1 . The light curve parameters for the entire grid of models for Cepheid variables with composition relative to the Galaxy and MC. The first eight columns provide the chemical abundance, filter, stellar mass, pulsation mode, the effective temperature, the adopted logarithmic luminosity levels and the logarithmic period for each set of models and the last column represents the mean radius in the solar units. Other columns represent amplitude (A), Skewness (S k ), Acuteness (Ac) and Fourier parameters. 
FOURIER ANALYSIS
We apply the Fourier decomposition method as described in Bhardwaj et al. (2015) , to the theoretical light curves computed for a wide range of metallicities over multiple wavelengths. We use the Fourier sine series in the following form:
where, x is the phase corresponding to one pulsation cycle of the theoretical light curves. The order of fit (N ) is obtained using the Baart's criteria (Baart 1982) by varying N from 4-10. The Fourier coefficients (A k & φ k ) are used to calculate the amplitude ratios and the phase differences
The errors on the Fourier coefficients resulting from the fit are only statistical, and are of the order of 10 −4 and therefore, will not be considered further in our analysis. Table 1 curve parameters for theoretical models of Cepheids with chemical compositions characteristic of the Galaxy, LMC and SMC. The φ31 values listed in Table 1 are converted to cosine series by subtracting π and restricting it between 0 − 2π, for the continuity of HP for visualisation purposes. Although, at NIR bands this leads to a discontinuity in the progression, but we prefer to adopt cosine φ31 convention to ease the comparison with observed phase parameters from Bhardwaj et al. (2015) . We study the variation in amplitude as a function of period, wavelength and metallicity. The amplitude is defined as the difference of maximum and minimum magnitudes obtained from the best order Fourier fit. a decrease in the peak-to-peak amplitude with increasing wavelength for both FU and FO Cepheids. We find a sharp increase in the amplitude parameters in the period range, 1 < log(P ) < 1.2, for optical bands as compared to infrared bands, similar to observed amplitudes in Bhardwaj et al. (2015) . For log(P ) > 1.2, the amplitudes decrease with period at all wavelengths. For SMC composition, a secondary maximum occurs at log(P ) = 1.4 for FU Cepheid models. Fig. 3 shows a comparison of observed and theoretical mean amplitudes for Cepheids in the LMC. The mean values are obtained using a bin-size of log(P ) = 0.1 dex and in steps of ∼ 0.03 dex. The error bars represent the standard deviation on the mean in each bin. We note that the optical (V I) and J band mean amplitudes are systematically larger than observed amplitudes as a function of period, except in the vicinity of 10 days. The observed mean amplitudes range, 0.1 < A 1.2 mag, from infrared (bottom panel) to optical (V I, top panel) bands while the theoretical amplitudes have a greater range upto ∼ 1.6 mag, for this wavelength range. The K-and L-band amplitudes are consistent between theory and observations in most period bins. Bono et al. (2002) suggested that the discrepancy in theoretical amplitudes can be decreased with increase in mixing length parameter (α). The impact of increase in mixing length on the light curve parameters will be discussed in the last section.
Theoretical Fourier parameters

As a function of stellar mass
We present the V and K-band Fourier parameters for theoretical light curves with different chemical compositions (Z=0.02, Z=0.008 and Z=0.004) in Fig. 4 and 5, respectively. Theoretical Fourier parameters in other optical and NIR bands show similar trends to V and K-bands, respectively, as a function of ML levels. The HP is clearly observed for R21 in the vicinity of log(P ) = 1.0 for U BV RIJKL wavelengths while the primary minimum in R31 occurs around log(P ) = 0.9. These amplitude parameters show a sharp rise around 1.0 < log(P ) < 1.2 in optical bands. The φ21 and φ31 parameters also suggest the center of HP around a period of 10 days. The scatter in amplitude parameters is least in NIR bands and increases for shorter wavelengths.
We show the different stellar mass models with different colors in these plots. For galactic models, we find that the amplitude parameters for short and long period Cepheids show different progression for a fixed mass at optical bands.
The amplitude parameters decrease with increasing mass at short period end, but increase with mass at the long period end. However, no distinct trend is observed for period range close to the center of HP. Furthermore, R21 and R31 display a larger scatter in optical for lower metallicity models. The scatter reduces in NIR but no distinct variation with adopted ML levels is seen, presumably due to small amplitudes. Moreover, larger mass leads to a decrease in the phase parameters at a given period for all wavelengths and metallicities, specifically in φ21 parameters. The progression in φ31 is more evident in the optical bands, due to break in the HP at NIR wavelengths, on account of 0 − 2π restriction on phase parameters. We also note a secondary minimum in the R21 parameters around log(P ) ∼ 1.3 which shifts to earlier periods in case of R31 and is more pronounced for lower metallicity models.
As a function of wavelength
We over-plot the Fourier parameters for optical and infrared bands with different colors and symbols in Figs. C1 and C2 for Galaxy and MC Cepheid models, respectively, to compare directly the variation as a function of wavelength.
Following Bhardwaj et al. (2015) , we use sliding mean calculations to examine the dependence of the Fourier parameters on wavelength and metallicity, simultaneously. Since the theoretical Fourier parameters do not have errors on the individual data points and exhibit less scatter, we use reduced step size of log(P ) = 0.02 dex and a bin width of 0.1 dex to estimate moving averages. We also estimate the standard deviation of the mean in each step as a representative statistical error on the theoretical mean Fourier parameters. Fig. 6 displays the variation of the mean Fourier parameters as a function of period and wavelength for metallicity, Z=0.02, Z=0.008 and Z=0.004. We observe a decrease in amplitude parameters and an increase in phase parameters as a function of wavelength. The amplitude parameters systematically increase from Galaxy to MC for short period Cepheid models. For longer period Cepheids, R21 increases sharply from log(P ) = 1 to reach a peak value around log(P ) = 1.2 before secondary minimum occurs around log(P ) = 1.3. This secondary feature is more pro- nounced for lower metallicity models and, at optical wavelengths than for the redder bands. Similar separation is also seen in the observed amplitude parameters in the Galaxy and the LMC around 20 days (Bhardwaj et al. 2015 ). This may suggest a possible resonance at log(P ) = 1.3 and these changes in the light curve structure can be related with observed non-linearity in P-L relations at similar periods in Bhardwaj et al. (2016a,b) . The largest separation for R21 occurs between optical and NIR bands around log(P ) = 0.8 for the Galaxy and log(P ) = 0.9 for the MC models. The R31 shows a minimum before and after 10 days with a peak value at log(P ) = 1.0 for the Galaxy and closer to log(P ) = 1.1 for the MC. However, no significant difference is seen in R31 for wavelengths shorter and longer than J-band, around log(P ) = 1.2, as observed for R21. The mean phase parameters exhibit a systematic separation at all wavelengths for the Galaxy and MC models and the center of HP occurs in the vicinity of 10 days. The mean φ21 parameters for Galactic light curves are nearly constant in optical bands for log(P ) > 1.2.
As a function of metal abundance
In Fig. 7 , we compare the theoretical mean Fourier parameters for FU Cepheids as a function of metal abundance in V IK bands. We find that the metal-rich Galactic models have significantly different Fourier parameters compared to metal-poor MC Cepheid models in most period bins. For log(P ) < 1.0, there is a distinct trend in amplitude parameters with R21 and R31 increasing with decreasing metallicity. In case of the phase parameters, the value of φ21 decreases with metallicity for log(P ) < 1.0 while it increases with decreasing metallicity for log(P ) > 1.1. The progression is not clear close to the center of HP and for low metallicity MC Cepheid models. The φ31 parameters also provide evidence of a decrease with metal abundance for most period ranges, except for log(P ) > 1.2.
It is also evident that the center of HP occurs at longer periods with decreasing metallicity. We fit a polynomial through mean R21 in the period range 0.8 < log(P ) < 1.2 and obtain the minimum value of the functional fit. The center of HP is found to be at log(P ) = 1.030 ± 0.011 dex for the Galaxy, log(P ) = 1.092 ± 0.015 dex for the LMC and at log(P ) = 1.077 ± 0.010 dex for the SMC at optical (V I) bands. In case of K-band, the central period shifts to log(P ) = 1.046±0.009 for the Galaxy, log(P ) = 1.103±0.016 for the LMC and at log(P ) = 1.108±0.014 for the SMC. The difference in central period for MC Cepheid models is not significant, given their statistical uncertainties. The central period of HP for the Galaxy is in excellent agreement with observed value using optical R21 in Bhardwaj et al. (2015) . Similarly, the value of the central period for the LMC is consistent within 3σ with observations in V IK bands. This confirms the shift in central period of HP to longer periods with lower metallicity, and also with longer wavelengths in case of R21 (Bhardwaj et al. 2015 ). We do not observe any Canonical represents luminosity levels adopted from stellar evolutionary calculations while non-canonical represents brighter luminosity levels by 0.25 dex.
significant trend with metallicity in amplitude parameters for Cepheids having periods greater than 10 days.
Comparison of theoretical and observed Fourier parameters
We compare the Fourier parameters of the theoretical V IKband light curves with observed V IK-band Fourier parameters for the Cepheid light curves in the Galaxy and MC. The comparison of the optical band Fourier parameters is more rigourous as the observed NIR light curves are not as well sampled as their optical counterparts. The observed optical V and I band Fourier parameters are very accurate and exhibit least error (Bhardwaj et al. 2015) .
Figs. 8 and 9 display the Fourier parameters of the theoretical and observed light curves of FU Cepheids in the Galaxy and MC in V and I-band, respectively. We also plot the canonical and non-canonical ML models in different colors. For Galactic data, the theoretical amplitude parameters follow the observed progressions with a marginal offset at the long period end (log(P ) > 1.1). In case of φ21, the theoretical and observed progressions are consistent while theoretical φ31 are significantly larger for short period Cepheids (log(P ) < 0.9). In case of the MC, R21 and R31 are systematically larger in theory at the short period end (log(P ) < 1). It is evident that the non-canonical ML models follow the observations while the canonical models are inconsistent in the overlapping period range (0.8 < log(P ) < 1.1). Therefore, R21 plane does seem to differentiate between the canonical and non-canonical ML models. Furthermore, the offset between theory and observations increases with decreasing metallicity in this period range. For log(P ) > 1.1, there is an agreement for R21 between theory and observations. However, R31 is inconsistent in most period ranges and the central minimum is not well defined for both theoretical models and observations. Similarly, there is a small offset for φ21 and φ31 at the long period end (log(P ) > 1.2). At present, we have a lack of models for FU Cepheids with log(P ) < 0.6. Fig. 10 displays the Fourier parameters of the theoretical and observed light curves of FU Cepheids in the Galaxy, LMC and SMC in K-band. Since, the K and L-band theoretical light curves exhibit very similar Fourier parameters, we also include the more precise 3.6µm-band Fourier parameters for Cepheids in the Galaxy and MC. We do not find any large offset in amplitude parameters with respect to observation at this wavelength. However, long-period (log(P ) > 1.2) Cepheid models do show an offset for lower metallicity models but it is not conclusive, given the large scatter in Fourier parameters at longer wavelengths. The φ21 parameters are consistent over entire period range and the φ31 parameter shows a greater offset for short-period range Cepheid models, similar to optical-band data.
Most of the theoretical models with M 6.0M⊙ are re- sponsible for the large R21 values for 0.8 < log(P ) < 1.1 in the LMC (see, Fig. 9 ). These models differentiate the canonical set of models from the non-canonical in the overlapping period range. However, we note that these outliers in the R21 plane are reasonably consistent with observations in case of other Fourier parameters. We investigate the possible cause of discrepancy for this particular group of models having large offsets. Their parameters are listed in Table 2 for LMC and SMC. In Fig. 11 , we plot the variation of Fourier parameters with temperature and period for the Cepheid models in the LMC. We find that the models which are outliers in R21, with log(P ) < 1.1, have relatively lower temperatures, 5100
T < 5400 as compared to non-canonical Cepheid models. We select a pair of models in R21 which have similar periods but different parameter values. It is evident that other Fourier parameters for these two models are consistent and the discrepancy is only in R21. The light curves of these models are shown in the top right panel of Fig. 11 . The light curves of the models with a large offset in R21 plane show a bump around the maximum value. This suggests that the theoretical models produce bump Cepheid progressions but with a larger secondary amplitude when compared to the observations. We note that the pair of light curves has different adopted ML relations and effective temperatures. We also display two observed light curves with similar period and R21 values on the bottom right panels of Fig. 11 . We find that the light curve structure in theory and observations show similar features around maximum light. This can also allow us to provide an initial estimate for the ML levels and temperatures for the observed Cepheids and will be investigated in a future work through machine-learning methods.
PRINCIPAL COMPONENT ANALYSIS
We also studied the Cepheid light curve structure using principal component analysis (PCA) method as an independent probe with respect to Fourier analysis. The PCA method is very useful to differentiate small features in the light curve structure of an ensemble analysis. The application of principal component analysis method to variable star light curves is discussed in detail in Kanbur et al. 
is a n × p matrix of normalised magnitudes with 1 < j p.
Also, m i is the mean magnitude of the light curve and s i represents the standard deviation on the mean. Since the theoretical light curves are generated with multiple phase cycles, we interpolate these light curves to obtain p = 100 magnitudes between phase 0 and 1. The correlation matrix,
measures the relationship between j th and k th data points averaged over all stars in the sample. We want to construct a Cepheid light curve as a linear combination of elementary light curves such that:
where, P C l (i) are the principal components and E be accounted by λ l is given by λ l / l λ l . We can project each light curve on the eigenvectors such that,
If we consider all p solutions of the eigenvalue problem then we can reproduce the light curve using equations 4 and 5. If we assume that first q principal components are sufficient to reproduce the light curve of original p data points, then we have a reduced (n × q) matrix. Since, the majority of light curve information is contained in first few principal components, this method is very useful for reducing dimensionality in astronomical data analysis. We note that the Fourier decomposition method requires each star to be fitted individually for an optimum order of fit. Therefore, PCA method can be used to perform an ensemble analysis of large catalogues, provided the light curves are preprocessed to similar dimensions.
Multiwavelength principal components
We carried out a PCA analysis on the ensemble of theoretical light curves for BV RIJKL wavebands and for Cepheid models with Z=0.02, 0.008 and 0.004, representative of the Galaxy, LMC and SMC. Table 3 lists the first ten eigenvalues and their cumulative percentages for a PCA analysis to the multiband theoretical light curves of Cepheid variables. In order to observe the variation of principal components with wavelength we use sliding mean calculations as discussed in previous section. Fig. 12 displays the variation of the mean of first four principal components as a function of period and wavelength for different chemical abundances. We find that first principal component shows two separate populations for optical and NIR wavelengths. The KL bands are distinct from optical bands for the first principal component plots in all three galaxies. The J-band contributes to optical bands at shorter periods and shifts to KL population for longest periods. The first principal component shows a clear resonance feature at 10 days (Antonello 1994; Kanbur et al. 2002; Deb & Singh 2009) at optical wavelengths. The resonance feature in principal components varies at NIR wavelengths, reflecting an offset to earlier periods as compared to optical wavelengths. Similar resonance feature is also seen in second and third principal components. The first principal component also provide evidence of an increase with wavelength at optical bands for compositions relative to all three galaxies. Similar progression is also seen in the fourth principal component. However, no clear variation with wavelength is observed in case of the second and third principal components.
We also plot the mean of the first three principal components for compositions relative to the Galaxy, LMC and SMC in V IK-bands in Fig. 13 . For short period (P < 10 days) Cepheids, the principal components increase with decreasing metallicity with a more pronounced progression for second principal component. This is similar to Fourier amplitude parameters. This progression is not observed at the long period ends. In case of K-band, the Galactic models with P > 10 days occupy a different sequence in second principal component with respect to their lower metallicity counterparts in the MC. The third principal component show a decrease with metallicity for short period Cepheid models in K-band.
We also compare theoretical and observed principal components at optical wavelengths as we did for Fourier parameters with observed I-band data from OGLE IV. The PCA is performed on the observed and theoretical light curves simultaneously and the eigenvalues are listed in Table 3. Fig. 14 displays the first three principal components for the theoretical and observed I-band light curves for FU Cepheids in the Galaxy, LMC and SMC. We find a large offset between theory and observations in the first principal component for the Galactic Cepheid models, specifically for periods greater than 10 days. These are non-canonical set of models in the Galaxy, in contrast to the large offset in R21 parameters for canonical models in the MC. Further, the short period canonical set of Galactic models also show a minimal offset for all principal components. The MC models are overall consistent with observations for first three principal components. Both the theoretical and observed principal components show similar resonance feature around 10 days. The third principal component shows a greater scatter at long period end for lower metallicity Cepheid models.
DISCUSSION AND CONCLUSIONS
We studied the light curve parameters for the theoretical light curves of Cepheid variables as a function of period, wavelength and metallicity and compared those with observations. The motivation for performing a detailed quantitative comparison between observed and theoretical light curves is to provide strong constraints on stellar pulsation codes that incorporate stellar atmosphere models to produce Cepheid light curves in multiple bands.
We find that theoretical amplitudes are systematically larger than the observed amplitudes at optical wavelengths. One important variable that can affect amplitudes in theoretical models is the adopted mixing length parameter. It is well known that convection plays an important part in stellar pulsation, particularly at the red edge, where it acts to damp down growing perturbations by leaking energy out of the ionization zones around maximum compression. Increasing the mixing length parameter increases the average length over which gas pockets can transfer energy from hot to cool regions and, will act to increase the efficiency of convection and damp down pulsations. Thus, this parameter is very likely to lead to lower theoretical amplitudes. Fig. 15 displays the result of increasing the mixing length parameter from 1.5 to 1.8 for a series of models with LMC composition covering the period range 0.6 log(P ) 1.5. We clearly see a decrease in the theoretical amplitudes sufficient to bring them into closer agreement with observations. There is very little change in the Fourier phase parameter values, especially for log(P ) < 1. In case of φ31, there were two branches for log(P ) > 1.15 with α = 1.5. This unrealistic feature is no longer visible with α = 1.8. Most importantly, the large discrepancy in R21 parameter with respect to observations is solved with increased mixing length. This does not cause a significant change in amplitudes very close to 10 days but the R21 values for models with log(P ) > 1.2 are also decreased. However, increasing this parameter also causes a zero-point offset in bolometric magnitudes, for example, the zero-point of the I-band period-luminosity relation is shifted. This may lead to a bias in distance estimates with theoretical P-L relations, depending on the choice of mixing length parameters (see, Fiorentino et al. 2007 , for a detailed discussion). These effects of varying various input parameters with wavelength and metallicity will be the subject of future studies.
Another important result of this paper is the potential of this method to discriminate between canonical and non-canonical models. A major discrepancy between theory and observations occurs in the R21 parameter for periods between 0.8 log(P ) 1.1, for the LMC and SMC with α = 1.5. These models are all canonical ML models. In contrast, the non-canonical models agree very well with observations in terms of this Fourier parameter. This is true for all three galaxies in both V and I-bands. We have shown that this discrepancy can be solved with higher mixing length. Alternatively, we can also change a different parameter for the canonical models, for example, decreasing the mass and adopting brighter luminosity levels. Bono et al. (2002) and Fiorentino et al. (2007) have shown that increasing mixing length narrows the width of the instability strip as the red boundary gets bluer. So, there is change towards hotter temperatures which can be responsible to overcome the large offset in R21, as we had shown that the discrepant Cepheid models have relatively lower temperatures.
Some recent studies have used multidimensional hydrodynamical simulations to study the convection and a relation to mixing length theory (for example, Mundprecht et al. 2013 Mundprecht et al. , 2015 Magic et al. 2015; Salaris & Cassisi 2015) . Even if the adopted nonlinear models include a non local timedependent treatment of convection, a free parameter related to the mixing length is adopted in the code in order to close the nonlinear system of dynamical and convective equations. According to some authors (see, Mundprecht et al. 2013 Mundprecht et al. , 2015 a 2D approach is needed to perform a more realistic simulation of the complex coupling between pulsation and convection. On the basis of these simulations, even if our adopted convective flux formulation is in better agreement with the 2D results than other 1D formulations in the literature (see, Mundprecht et al. 2015 , for details), some phase-dependent corrections might be needed in order to properly follow the evolution of the pulsation-convection coupling along the pulsation cycle.
A more detailed study can provide very stringent constraints discriminating between canonical and noncanonical ML relations used in stellar pulsation and inform how different parameters affect the changes in light curve structure. Given that these ML relations are based on stellar evolutionary calculations with differing input physics, this method has the potential to constrain both theories of stellar evolution and pulsation.
We summarize the results from this study as follows:
• We use full amplitude, nonlinear, convective hydrodynamical models to generate Cepheid light curves with chemical compositions representative of the Galaxy and Magellanic Clouds. We use Fourier decomposition and principal component analysis methods to analyse the structure of observed and theoretical Cepheid light curves and discuss the variation with period, wavelength and metallicity.
• We find that the theoretical amplitudes in optical bands are systematically larger than the observed amplitudes over the entire period range except in the vicinity of 10 days. The theoretical amplitudes can be decreased by increasing the mixing length parameter. This causes a zero-point offset in amplitude parameters, except close to the center of Hertzsprung progression, and in bolometric mean magnitudes.
• Higher mass Galactic Cepheid models lead to an increase in amplitude parameters for period greater than 10 days. A decrease in phase parameters with increasing mass is observed for all wavelengths and metallicities. For a fixed composition, the Fourier amplitude parameters decrease with increasing wavelength while the phase parameters increase as a function of wavelength at a given period, similar to observed Fourier parameters.
• The R21 parameter shows a large offset with respect to observations for short period (0.8 log(P ) 1.1) Cepheid models at optical wavelengths. This discrepancy occurs for canonical sets of models with masses greater than M 6.0M⊙ and relatively lower temperatures in the range 5100 T < 5400. We note that the non-canonical massluminosity models display consistency with observations for this period range. Adopting a higher mixing length resolves this discrepancy as it shifts the red edge of the instability strip to hotter temperatures.
• Theoretical mean R21 parameter also exhibit a sharp rise around 20 days for wavelengths shorter than J as compared to longer wavelengths, similar to amplitude parameters for observed light curves (Bhardwaj et al. 2015) . The variation of mean Fourier parameters as a function of period and wavelength is consistent for both theoretical and observed light curves in most period bins, except for R31.
• We also observe two separate populations in the first principal component for optical and near-infrared bands with J-band contributing to both populations. The first principal components also show a clear resonance effect around 10 days at all wavelengths. The optical-band principal components for Magellanic Clouds Cepheids show a consistency between theory and observations but the first principal component displays a greater offset for Galactic Cepheid models.
• The mean R21, R31 parameters and the first two principal components provide evidence of an increase with decreasing metallicity for log(P ) < 1. Further, the mean phase parameters also show the metallicity dependence with φ31 decreasing as a function of metallicity in most period bins. We also confirm that the central minimum of the Hertzsprung progression shifts to the longer periods with decrease/increase in metallicity/wavelength for both theoretical and observed light curves.
Incorporating the quantitative information about light curve structure provided by Fourier fitting and PCA, we have detailed observational constraints on Cepheid light curve structure as a function of period, wavelength and composition. It is also possible to compare these with a smooth grid of models through modern machine learning methods (Bellinger et al. 2016 ) and obtain star by star estimates of M , L, T ef f , X and Z, together with robust error estimates. This will be the subject of future work. We also demonstrate the need for more model calculations at short period (log(P ) < 0.8) end. The majority of observations with the greatest dispersion also lie shortward of this period cut and this also needs a further investigation. 
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APPENDIX A: ASYMMETRY IN CEPHEID LIGHT CURVES
We also discuss the asymmetry in the Cepheid light curves using skewness and acuteness parameters. The skewness is defined as the ratio of the phase durations of the descending branch to the rising branch. The acuteness quantifies the ratio of phase duration for the magnitudes fainter than median light to the brighter than median light (Bono et al. 2000a; Bhardwaj et al. 2015) . Fig. A1 displays the variation of skewness and acuteness parameters as a function of period and wavelength for the theoretical light curves of FU and FO Cepheids with Z=0.02, Z=0.008 and Z=0.004. The optical and NIR populations are well separated in these skewness and acuteness planes. The skewness and acuteness parameters as a function of period also display different behaviour in optical with respect to NIR wavelengths. They attain a value close to unity at longer wavelengths suggesting the light curves are more symmetric, sinusoidal and flat-topped.
At optical wavelengths, FU Cepheids with shorter periods have larger skewness in MC Cepheid models than the Galaxy, suggesting that theoretical light curves exhibit more left/right asymmetry for lower metallicities. The larger acuteness value for longer period Cepheids suggests that their light curves exhibit top/bottom asymmetry, for all compositions. Acuteness decreases with increase in wavelength for long period Galactic Cepheid models and this trend becomes less pronounced for lower metallicity models. FO Cepheid models show a smaller skewness and a larger acuteness values for MC Cepheid models. We recall that the observed skewness and acuteness parameters also show a decrease with increasing wavelength and Cepheids with 10 days periods attain a value close to unity (Bhardwaj et al. 2015) .
APPENDIX B: FOURIER INTERRELATIONS
The high quality light curve data in the near-infrared is not available for Cepheids in the literature to determine very precise Fourier parameters. Although, there are some discrepancies between theoretical and observed light curve parameters, specifically at the short period end, there is an overall consistency in the variation of theoretical Fourier parameters with period and wavelength. Therefore, we derive the Fourier interrelations (for example, in Ngeow et al. where λ1 < λ2, provide transformations for Fourier parameters between different wavelength bands. We derive separate set of equations for the chemical compositions relative to the Galaxy, LMC and SMC. The results are listed in Table B1 . A representative plot of the Fourier interrelations from I-J bands with chemical compositions relative to the Galaxy is shown in Fig. B1 . The optical interrelations show a strong correlations between Fourier parameters while there is more scatter in near-infrared bands. The internal dispersion increases for higher order phase parameters but we note that most characteristic features of the light curves are stored in the lower order Fourier parameters. Figure C1 . Multi-wavelength Fourier parameters for the theoretical light curves of Cepheids with metal abundance, Z=0.02. Some of the φ 31 parameters are offset by 2π for plotting purposes. The models with log(P ) < 0.5 represent the FO Cepheids. We applied 2.5σ clipping of a 5 th order polynomial-fit in individual bands before plotting, for the ease of visual inspection of different progressions. This procedure removes only a few extreme outlier Cepheid models on the Fourier plane.
APPENDIX C: MULTIBAND THEORETICAL FOURIER PARAMETERS
Figs. C1 and C2 display the multiwavelength Fourier parameters for theoretical light curves of Cepheids in the Galaxy and Magellanic Clouds, respectively. 
